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A  direct  foaming  method  of  dispersed  suspensions  containing  muscovite  particulates  and  a  glass  pow¬ 
der  (47Ba0-21B203-27Si02-5Al203,  in  mol%)  is  used  to  prepare  porous  ceramic  structures.  The  sintered 
foams  exhibit  extremely  low  thermal  conductivity  and  slight  expansion  during  the  thermal  treatment 
at  1000°C.  Both  the  foam  stability  and  its  thermal  conductivity  are  investigated  by  considering  foaming 
agents,  muscovite/glass  ratios,  solid  contents,  microwave  drying,  wetting  behaviors,  and  foam  consoli¬ 
dation.  One  of  the  muscovite/glass  ceramic  foam,  thermally  treated  at  950  °C  for  1  h,  showed  the  lowest 
thermal  conductivity  of  0.1 8  W  nrr 1  K_1  at  800  °C  among  all  of  the  prepared  samples.  Its  gas  permeability 
and  compressive  strength  are  0.1  x  10-7  cm2  and  440  kPa,  respectively. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  designed  to  operate  at  tempera¬ 
tures  between  500  and  1 000  °C,  at  which  sufficient  ionic  conduction 
of  oxygen  ion  and  good  fuel  reforming  can  be  achieved.  However, 
the  thermal  radiation,  which  results  in  heat  dissipation  during  the 
operation,  is  relatively  significant  at  such  temperatures.  Hence,  a 
good  thermal  insulation  is  regarded  as  one  of  the  energy  saving 
strategies  for  thermal  management  of  SOFCs.  Oxides  are  a  better 
choice  than  metals  and  polymers  as  the  insulating  materials  for 
SOFCs. 

Conventional  insulating  materials  are  made  either  by  sintering 
ceramic  powder  or  by  the  assembly  of  ceramic  fibers.  The  forming 
processes  usually  induce  a  serious  problem  of  dimension  shrinkage 
after  sintering,  and  the  dimensional  control  of  conventional  insu¬ 
lators  is  poor.  Therefore,  a  thermal  insulator  without  significant 
shrinkage  produced  by  colloidal  processes,  where  platy  muscovite 
was  mixed  with  glass  powder,  was  implemented  in  this  study.  The 
thermal  insulator  consists  of  ceramic  foams  can  be  used  to  seal  the 
gaps  between  the  SOFC  components  that  are  operated  in  the  range 
of  27-800  °C. 

There  are  three  forming  processes  reported  in  the  literature, 
replicas,  sacrificial  templates,  and  direct  foaming  methods  [1-3]. 
However,  both  the  replica  and  sacrificial  template  methods  require 
sacrificial  materials  which  can  be  burnt  out  after  an  appropriate 
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pyrolysis  process  to  create  ceramic  struts.  Also,  the  pyrolysis  pro¬ 
cess  normally  needs  long  thermal  treatment  due  to  a  slow  heating 
rate.  However,  high  heating  rates  easily  induce  cracks  within  the 
porous  structure  during  the  pyrolysis  and  the  burn-out  rate  for 
removing  the  organic  material  is  the  critical  factor  [4,5].  Compared 
to  these  two  methods,  the  direct  foaming  method  has  the  potential 
to  overcome  the  problems  of  cracking  and  shrinkage  induced  by  the 
long-time  thermal  treatment  to  obtain  a  uniform  foam  structure. 

Using  the  direct  foaming  method,  the  porosity  in  the  ceramics 
is  generated  by  physically  blowing  air  into  the  ceramic  suspen¬ 
sion.  The  porosity  and  the  pore  size  of  the  final  porous  products 
are  controlled  primarily  by  the  composition  and  the  solid  to  liquid 
ratio.  Moreover,  the  stability  of  air  bubbles  in  the  ceramic  solution 
is  the  other  crucial  issue  and  is  usually  dominated  by  the  surface 
chemistry  of  the  solid  ceramic  particles  [1,6-8]. 

The  heat  transfer  in  a  porous  material  is  dominated  by  three 
mechanisms,  phonon  conduction  ( Kphonon ).  photon  conduction 
( Kpoton )  and  convection  ( I<COnvection )•  A  summation  of  these  three 
contributions  is  considered  as  the  resultant  thermal  conductivity 
(I<e)  of  a  porous  material,  as  shown  in  Eq.  (1 )  [9]. 

Ke  =  Kphonon  +  Kph0  f0n  +  /^convection  ( 1 ) 

The  phonon  conduction  and  the  convection  in  solid  phase  are 
a  function  of  T-1  and  T,  respectively.  Additionally,  the  photon  con¬ 
duction  is  proportional  to  the  third  power  of  the  temperature  (i.e., 
ocT3).  Hence,  the  photon  contribution  is  obviously  greater  than  the 
combined  effects  of  phonon  conduction  and  convection  at  higher 
temperatures,  especially  in  the  500-650  °C  range  for  an  intermedi¬ 
ate  temperature  SOFC  (IT-SOFC). 


0378-7753 /$  -  see  front  matter  ©  201 1  Elsevier  B.V.  All  rights  reserved, 
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Table  1 

Summary  of  the  properties  of  porous  ceramic  foams  investigated  in  this  study. 


Sample 

Solid  loading 
(vol%) 

D/a 

(pan) 

P 

(gem-3) 

P 

(%) 

I< 

(10— 7  cm2) 

K 

(W  ITT 

•K-1) 

Muscovite 

Glass 

25  °C 

600  °C 

800  °C 

MlGl_stir 

8.0 

0.9 

140/70 

0.071 

97.5 

8.6 

0.09 

0.21 

0.28 

MlG2_stir 

8.0 

3.5 

141/60 

0.076 

97.4 

5.1 

0.09 

0.19 

0.26 

Ml  G3  _stir 

8.0 

7.5 

123/53 

0.110 

96.3 

2.4 

0.10 

0.19 

0.25 

M3Gl_stir 

10.0 

0.9 

80/43 

0.079 

97.0 

2.9 

0.10 

0.21 

0.27 

M3G2_stir 

10.0 

3.5 

85/42 

0.101 

96.2 

2.0 

0.10 

0.20 

0.26 

M3G3_stir 

10.0 

7.5 

69/24 

0.190 

93.5 

1.7 

0.10 

0.19 

0.24 

Ml  G1 -shake 

8.0 

0.9 

157/57 

0.079 

97.2 

4.2 

0.10 

0.18 

0.24 

MlG2_shake 

8.0 

3.5 

152/52 

0.088 

96.9 

2.0 

0.08 

0.17 

0.23 

Ml  G3 -shake 

8.0 

7.5 

128/45 

0.157 

94.6 

0.5 

0.09 

0.18 

0.23 

M3G1 -shake 

10.0 

0.9 

86/24 

0.129 

95.4 

0.4 

0.08 

0.15 

0.22 

M3G2 -shake 

10.0 

3.5 

94/24 

0.184 

93.6 

0.2 

0.08 

0.14 

0.18 

M3G3  -shake 

10.0 

7.5 

71/20 

0.260 

91.2 

0.1 

0.08 

0.14 

0.18 

Porous  Al203a 

4.76vol%,  pH  = 

6,  SDS  surfactant 

80 

0.280 

93.0 

Not  measured 

0.10 

0.20 

0.27 

D,  average  cell  size;  a,  standard  deviation;  P,  porosity;  I<,  permeability;  k,  thermal  conductivity. 
a  The  properties  of  a  porous  alumina  are  reported  according  to  Lo’s  work  [20]. 


To  produce  light-weight  and  low-thermo-conductive  ceramic 
foams,  this  study  used  a  foaming  and  microwave-drying  process 
without  significant  distortion  or  shrinkage.  Because  the  crystalline 
structure  of  muscovite  (a  kind  of  platy  minerals)  with  low  symme¬ 
try  has  greater  ability  to  impede  the  heat  transfer  by  phonon  and 
photon  conduction  [10],  platy  muscovite,  which  has  a  density  as 
low  as  2.76  g  cm-3,  was  selected  as  the  skeleton  for  the  novel  ther¬ 
mal  insulator  in  this  study.  The  platy  muscovite  particulates  were 
wetted  using  melted  glass  in  porous  conditions  during  the  ther¬ 
mal  treatment,  forming  a  composite  to  scatter  the  photons.  The 
properties  of  porous  ceramics,  such  as  the  porosity,  gas  cell  sizes, 
and  gas  permeability,  were  measured  and  discussed  with  respect 
to  thermal  conductivity  and  compressive  strength. 

2.  Experimental  procedure 

The  fabrication  procedures  include  the  preparation  of  disper¬ 
sive  slurries,  direct  foaming  using  high-speed  stirring,  microwave 
drying,  organic  burnouts,  and  consolidation.  After  fabrication, 
the  essential  analyses,  including  porosity,  permeability,  thermal- 
mechanical  analyses  (TMA),  thermal  conductivity,  compressive 
strength  and  scanning  electron  microscopy  (SEM)  observation, 
were  then  conducted. 

Two  kinds  of  ceramic  powders,  G1A5  glass 
(46.55BaO-27.86SiO2-20.46B2O3-5.12Al2O3  in  mol%)  and  mus¬ 
covite  (KAl2(AlSi3Oio)OH2),  were  used  in  this  study.  The  formula¬ 
tion  and  melting  properties  of  the  G1 A5  glass  were  developed  and 
investigated  by  Chang  et  al.  [  1 1  ].  The  G1 A5  glass  powder  was  pro¬ 
duced  by  the  Exojet  Technology  Corporation  (Shin-Chu,  Taiwan). 
The  morphologies  of  these  two  powders  are  shown  in  Fig.  1. 

Several  surfactants  were  tried  in  this  study.  Only  a  cationic  dis¬ 
persant,  (lauryl  dimethybenzyl  ammonium  chloride,  C2iH38ClN, 
abbreviated  as  “CDB”,  with  50%  water  content,  Sino-Japan  Chemi¬ 
cal,  Taiwan)  was  found  to  be  suitable  for  preparing  muscovite/Gl  A5 
porous  ceramics. 

Methods  similar  to  those  described  in  the  literature  [12-16] 
were  adopted  in  the  present  study  to  ensure  long-term  stability 
of  muscovite/glass  foams  using  the  CDB  chemical  in  aqueous  sus¬ 
pension.  In  addition,  the  planetary  ball-mill  was  used  to  treat  the 
formulated  samples  shown  in  Table  1  for  18  h  to  obtain  various 
ceramic  foams.  After  the  bah  milling,  extra  stirring  (with  the  “-R” 
after  sample  notation)  or  shaking  (“-K”)  for  1  min  was  also  used  to 
increase  the  stability  of  the  foams.  The  produced  foams  can  be  used 
to  seal  a  gap  less  than  2  mm  resulting  in  extremely  low  gas  leakage 
after  drying  [10]. 


As-foamed  samples  were  dried  in  a  microwave  oven  (Multiwave 
3000,  Anton  Paar  Gmbh,  Graz,  Austria).  For  a  wet  foam  sample  con¬ 
taining  40  ml  of  water  as  an  example,  the  microwave  process  was 
operated  at  a  rate  of  5Wmin-1  from  0W  to  20  W  and  then  held 
90  min  at  20  W.  Afterward,  the  sample  was  continually  heated  by 
microwaves  with  an  increasing  power  at  a  rate  of  1 W  min-1  from 
20  W  to  30  W,  and  then  held  for  90  min  at  30  W. 


2(Jm  Mag  =  3.00  K  X  EHT  =  5.00  kV 

1 1  WD  =  10  mm  Signal  A  =  SE2 

Fig.  1.  SEM  micrographs  revealing  the  morphologies  of  (a)  muscovite  and  (b)  G1A5 
powders. 
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Fig.  2.  Heating  time  t  in  log  scale  plotted  against  the  temperature  difference  (T-T0 0 ) 
with  an  insert  picture  illustrating  the  arrangement  of  ceramic  samples  and  the 
Fe-Cr-Al  wire  between  the  steel  fixtures. 


ment(T  -  where  is  the  ambient  temperature)  against  In  t  and 
measuring  the  slope  (S)  of  the  straight  section  of  the  line,  as  illus¬ 
trated  in  Fig.  2,  the  thermal  conductivity  of  the  sample  is  calculated 
according  to  Eq.  (5). 


Q  In  t2  -Inr,  Q  1 
4 Hi  T2  -  T,  4: tL  S 


(5) 


where  A  is  calibration  factor,  T\  and  T2  are  the  temperature  incre¬ 
ment  detected  at  time  t\  and  t2,  respectively,  by  the  thermocouple, 
Q.  is  the  input  heat,  L  is  the  sample  length  and  t  is  the  heating  time. 

The  calibration  was  carried  out  by  measuring  a  standard  sam¬ 
ple  provided  by  China  Steel  Corporation  and  the  reported  thermal 
conductivity  was  0.295  Wm-1  K-1  at  298  K  and  0.35  Wm-1  K-1at 
773  K.  The  calibration  factors  (71)  at  25  °C  and  500  °C  were  1 .76  and 
1.97,  respectively.  The  calibration  factors  at  other  temperatures 
were  calculated  using  liner  interpolation. 

The  relation  between  the  thermal  conductivity  and  the 
microstructure  was  characterized.  The  properties  of  porous  ceram¬ 
ics,  such  as  the  porosity,  cell  sizes,  gas  permeability  were  measured 
using  SEM  micrographs  and  the  compressive  strength  was  mea¬ 
sured  using  a  compressive  testing  machine  (810  MTS  Co.,  USA). 


One  of  the  potential  advantages  of  developing  such  insulated 
foams  were  realized  [10]  that  the  melted  glass  can  bond  muscovite 
particulates  strongly.  The  glass  particles  can  be  melted  completely 
at  950  °C  in  1  h  after  prior  organic  burnout  at  600  °C  for  1  h.  Another 
great  advantage  of  using  the  melted  glass  to  wet  the  muscovite 
particles  is  to  prevent  the  volume  shrinkage  of  the  ceramic  foam. 

The  porosity  P  of  the  investigated  foam  was  calculated  using  the 
following  equation: 


P  =  ( 1  -  X  100%  (2) 

V  PthJ 

where  ps  is  the  apparent  density  of  the  sample  and  pth  is  the  theo¬ 
retical  density  of  the  solid  mixture,  which  can  be  calculated  using 
the  following  equation: 

= _ 100 _ 

(y^mical  P  mica  +  W glass  I P glass) 

where  WmUs  and  WG1A5  are,  respectively,  the  mass  percentages  of 
the  muscovite  and  G1 A5  glass  as  the  solid  phase  of  the  sample,  and 
pmus  and  pgiass  are  the  theoretical  densities  of  muscovite  and  G1 A5 
glass,  respectively. 

The  average  grain  size  was  measured  using  scanning  electron 
microscopy  (SEM)  with  the  line-intercept  function.  The  measured 
values  were  multiplied  by  1.56  to  calibrate  the  grain  size  [17]. 

The  permeability  analysis  was  performed  by  giving  a  specific 
gas  flow  rate  Q.  and  then  measuring  the  pressure  difference  A P 
across  the  porous  ceramic  sample.  The  permeability  I<  can  then  be 
calculated  according  to  Darcy’s  law  as  shown  below  [18]. 


(4) 


where  A  is  the  sectional  area  of  the  sample,  L  is  the 
sample  length,  and  /i  is  the  dynamic  viscosity  of  the  air 
(/^air,  23°c  =  l-83  x  10-4  dyne  scm-2).  The  air,  instead  ofEl2,was  used 
to  measure  the  permeability  because  oxygen  molecules  are  the 
oxidant  used  for  SOFC  with  Zr02 -based  electrolyte. 

The  thermal  conductivity  was  measured  using  a  hot-wire 
method  and  the  instrument  is  shown  in  Fig.  2.  Fe-Cr-Al  wire 
(0.0217  £2  cm-1)  was  used  as  a  heating  source  by  embedding  the 
wire  between  two  identical  ceramic  samples.  A  thermocouple  was 
inserted  into  the  ceramic  sample  and  kept  a  distance  of  0.80  cm 
away  from  the  Fe-Cr-Al  wire.  A  constant  current  of  10  A  was  pro¬ 
vided  to  the  Fe-Cr-Al  wire  and  the  temperature  variation  was 
detected  using  a  thermocouple.  By  plotting  the  temperature  incre¬ 


3.  Results  and  discussion 

3.1.  Stabilization  of  ceramic  foams 

The  stability  of  ceramic  foams  is  determined  by  the  microstruc¬ 
ture  of  the  porous  ceramics.  The  morphologies  of  the  muscovite 
and  G1A5  in  the  ceramic  foam  were  observed  by  SEM  and  were 
shown  in  Fig.  1.  The  muscovite  particulates  exhibit  a  platy  shape, 
while  the  G1A5  particulates  exhibit  a  granular  shape.  As  the  platy 
particulates  cover  the  bubble  surfaces  and  form  an  outside  crust, 
more  stable  bubbles  accumulate  through  the  interlocking  of  mus¬ 
covite  particulates.  The  stability  of  the  foam  is  determined  by  the 
solid  muscovite  load  in  the  ceramic  slurry.  Because  bubble  coales¬ 
cence  is  significantly  constrained  by  platy  particulates,  the  cell  size 
and  the  cell  size  distribution  are  fairly  stable  as  listed  in  Table  1. 
The  glass  particulates,  however,  do  not  induce  a  remarkable  inter¬ 
locking  mechanism  as  muscovite  particulates  do.  Accordingly,  the 
cell  size  and  the  cell  size  distribution  of  the  porous  ceramic  are 
primarily  affected  by  the  muscovite  rather  than  the  G1 A5  glass. 

3.2.  Porosity  and  permeability 

According  to  Table  1,  the  porosity  and  permeability  decrease 
with  the  increase  in  the  solid  loading  of  the  glass  and  muscovite 
powders.  For  example,  M3G1_I<  and  M3G3_I<  have  the  same  mus¬ 
covite  content  but  the  different  G1A5  glass  content  from  0.9vol% 
up  to  7.5vol%,  and  the  porosity  and  permeability  are  decreased 
from  95.4%  to  91.2%  and  from  0.4  x  10-7cm2  to  0.1  x  10_7cm2, 
respectively.  In  contrast,  M1G3_I<  and  M3G3_I<  have  the  same  G1 A5 
glass  content  but  the  different  muscovite  content  from  8.0  vol%  to 
10.0vol%,  and  the  porosity  and  permeability  are  decreased  from 
94.6%  to  91.2%  and  from  0.5  x  10-7  cm2  to  0.1  x  10-7  cm2.  Hence, 
both  the  2  vol%  increase  in  muscovite  and  the  6.6vol%  increase  in 
G1A5  glass  have  approximately  the  same  influence  on  the  per¬ 
meability.  Also,  the  samples  prepared  by  shaking  have  a  lower 
permeability  than  those  prepared  by  stirring,  as  listed  in  Table  1. 

The  permeability  of  the  forms  is  mainly  controlled  by  the  poros¬ 
ity  of  the  cell  walls,  which  is  greatly  dependent  on  the  relative 
content  of  the  glass  to  muscovite.  The  sintered  M1G1_R  ceramic 
foam  with  8  mol%  of  muscovite  and  small  amount  (0.9  vol%)  of  glass 
showed  less  sintering  (more  porosity)  than  those  with  higher  glass 
content  (7.5vol%).  High  glass  content  was  melted  between  platy 
muscovite  particulates  and  sealed  the  gaps  on  cell  walls  after  sin- 
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Fig.  3.  TMA  analysis  of  the  die-pressed  muscovite  disk.  The  muscovite  specimen 
was  de-hydrated  at  600  °C  for  2  h  before  the  TMA  test. 


tering.  The  SEM  image  in  Fig.  10  is  one  example  to  depict  the  state 
of  closed  porosity  of  the  cell  wall. 

Comparing  the  porosity  of  the  samples  to  that  of  porous  alumina 
in  Table  1 ,  all  of  the  samples  except  M3G3 .shake  have  porosities  in 
a  range  of  93.5-97.5%,  which  is  larger  than  that  of  porous  alumina 
with  93.0%  porosity. 

Fig.  3  shows  the  TMA  analysis  of  muscovite.  No  obvious  sintering 
shrinkage  occurred  even  at  temperatures  as  high  as  1000°C  and, 
specifically,  the  linear  expansion  is  ~  2.5%.  The  TMA  analysis  of 
muscovite  mixed  with  ~  40vol%  glass  was  also  tested  and  shown 
in  Fig.  4.  The  2%  linear  shrinkage  which  occurs  at  temperatures 
of  about  900  °C  results  from  the  softening  and  melting  of  G1A5 
glass.  The  muscovite/glass  has  about  10%  expansion  after  sintering 
at  950  °C  for  1  h.  If  the  solid  load  is  reduced  to  less  than  1 0  vol%  and 
the  porosity  increases  to  larger  than  90%,  a  slight  expansion  of  the 
porous  foam  should  be  obtained  after  the  consolidation  process  at 
950  °C  for  1  h  [10]. 

The  melting  temperature  of  G1 A5  glass  is  approximately  880  °C 
[11].  It  starts  wetting  the  muscovite  particle  surface  as  the  tem¬ 
perature  increases,  as  shown  in  Fig.  5.  To  ensure  that  all  G1 A5  glass 
particles  melt  between  the  muscovite  particulates,  the  temperature 
of  consolidation  process  is  set  at  950  °C.  The  wetting  behavior  of 
G1 A5  glass  plays  an  important  role  in  bonding  the  muscovite  partic¬ 
ulates  together  to  provide  the  required  strength  (e.g.  compressive 
strength)  for  forming  a  porous  ceramic  foam  structure. 

3.3.  Compressive  strength 

Compressive  strength  is  an  important  property  for  thermal 
insulators.  Accordingly,  the  strengths  of  three  M3  samples  were 
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Fig.  5.  Wetting  behavior  of  the  G1A5  glass  pellet  on  the  muscovite  substrate  at 
the  temperature  between  880  °C  and  1000  °C.  Each  temperature  was  hold  for  5  min 
before  the  measurement. 


investigated  in  this  study.  As  shown  in  Fig.  6,  the  stress-strain 
curves  of  the  porous  ceramics  show  a  graceful  failure  mode.  The 
compressive  strength  increases  from  1 14  to  440  kPa  with  both  the 
increase  in  G1A5  glass  content  from  0.9vol%  to  7.5vol%  and  the 
decrease  in  porosity  from  95.4%  to  91 .2%.  The  strength  of  the  porous 
ceramics  is  provided  primarily  by  the  glass  phases,  which  have 
melted  between  the  platy  muscovite  particulates  and  appropri¬ 
ately  bonding  to  the  particulates.  Both  the  increase  in  density  and 
the  reduction  in  porosity  result  in  denser  microstructures  and  thus 
increase  the  compressive  strength. 

A  similar  result  for  the  dependence  of  the  compressive  strength 
of  porous  ceramics  on  porosities  has  been  reported  in  the  literature 
[19],  as  shown  in  Fig.  7.  The  compressive  strengths  of  the  particle- 
stabilized  porous  alumina  are  less  than  10  MPa  when  porosities  are 
between  86.0%  and  88.5%.  The  compressive  strengths  of  surfactant- 
stabilized  alumina  foams  are  between  3.5  MPa  and  90kPa  with 
porosities  between  85.0%  and  96.0%.  Moreover,  the  compres¬ 
sive  strengths  of  the  investigated  samples,  M3G1_K,  M3G2.K  and 
M3G3_I<  with  porosities  ranging  from  95.4%  to  91.2%,  increased 
from  1141<Pa  to  440  kPa.  These  muscovite/glass  samples  have  the 
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Fig.  4.  TMA  analysis  of  the  die-pressed  muscovite/glass  disk  which  contains  57.1  vol%  of  muscovite  and  42.9  vol%  of  G1A5  glass  shows  shrinkage  occurred  at  about  900  °C, 
which  resulted  from  the  melting  of  the  G1 A5  glass.  The  specimen  was  de-hydrated  at  600  °C  for  2  h  before  the  TMA  test. 
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Fig.  6.  Stress-strain  curves  of  investigated  porous  ceramics,  showing  a  gradual  fail¬ 
ure  mode. 


similar  compressive  strengths  as  compared  to  the  surfactant  stabi¬ 
lized  alumina,  for  which  the  strength  is  approximately  90-700  kPa. 

3.4.  Thermal  conductivity 

The  last  three  columns  of  Table  1  show  the  thermal  conductiv¬ 
ities  of  muscovite/glass  and  A1203  foams.  The  conductivities  are  in 
the  0.08-0.1  OWrrr1  K-1  range  at  room  temperature  and  increase 
to  the  range  of  0.18-0.28  Wm-1 1<-1  at  800  °C.  The  conductivity  of 
the  foams  is  also  attributed  to  the  phonon  and  convection  conduc¬ 
tion  in  the  air,  which  depends  on  the  1  st  power  of  the  temperature 
(T)  rather  than  3rd  power  of  the  temperature  (T3).  In  contrast,  the 
photon  conduction  could  be  the  dominant  mechanism  of  the  heat 
transfer  if  the  porous  ceramics  are  used  at  elevated  temperatures. 
The  function  of  the  photon  conduction  is  dominated  primarily  by 
the  3rd  power  of  the  temperature  (T3),  as  shown  in  Eq.  (6). 

K photon  =  A  +  BT 3  (6) 

Accordingly,  the  calibrated  thermal  conductivities  of  four  foams 
after  excluding  the  influence  of  the  air  are  plotted  in  Fig.  8.  The  fit¬ 
ting  curves  using  Eq.  (6)  show  quite  well  fitting  except  M1G3_K, 
which  shows  a  linear  relationship  to  the  temperatures  below 
400  °C. 
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Fig.  7.  Comparison  of  the  compressive  strength  of  investigated  samples  with 
that  reported  in  literature  [1,19].  Specimens  for  the  compressive  strength  in  this 
study  were  produced  to  have  a  square  cross  section  and  an  aspect  ratio  of  2.0 
( 1 1  mm  x  1 1  mm  x  22  mm). 


Temperature  (K) 

Fig.  8.  Calibrated  thermal  conductivity  of  sample  M1G1_K,  M1G3_K,  M3G2_K  and 
M3G3_I<  plotted  against  testing  temperatures  after  deducting  the  thermal  conduc¬ 
tivity  contribution  of  the  air. 
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Fig.  9.  Thermal  conductivity  analysis  of  two  samples  (a)  M1G1.K  and  (b)  M1G3_I< 
plotted  against  the  temperature  in  a  log  scale.  The  critical  temperatures  at  which  the 
photon  conduction  becomes  significant  are  at  ~285  °C  and  ~400°C,  respectively. 
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Fig.  10.  SEM  picture  of  muscovite/glass  cell  walls  and  a  schematic  illustration  of  the 
incident  radiation  ( filled  arrows)  traveling  through  the  multilayer  cell  wall  structure. 
The  reflection  occurs  at  each  interface,  and  each  of  reflection  causes  a  reduction  in 
the  intensity  of  the  incident  radiation. 


A  more  detailed  analysis  of  the  contribution  from  photons  or 
phonons  was  conducted  so  to  differentiate  the  contribution  from 
different  mechanisms.  The  critical  temperature  is  defined  by  the 
transformation  from  the  1  st  power  of  the  temperature  dependence 
(T)  to  the  3rd  power  of  the  temperature  dependence  (T3),  as  shown 
in  Fig.  9.  Both  the  thermal  conductivity  and  the  temperature  in  Fig.  9 
are  plotted  based  on  the  nature  logarithm.  The  thermal  conductiv¬ 
ity  increases  slightly  at  low  temperatures  and  significantly  at  high 
temperatures.  At  temperatures  below  the  critical  temperature,  the 
increase  in  thermal  conductivity  results  mostly  from  the  increase 
in  thermal  conductivity  of  the  air.  The  phonon  conduction  contri¬ 
butions  from  muscovite  and  glass  are  insignificant  due  to  very  low 
solid  contents. 

As  shown  in  Fig.  9(a),  the  critical  temperature  is  approximately 
at  285  °C  when  the  average  cell  size  is  157  p,m.  It  shifts  to  400  °C 
when  the  average  cell  size  decreases  to  128  p,m,  as  shown  in 
Fig.  9(b).  A  smaller  average  cell  size  leads  to  the  enhancements 
of  multilayer-scattering  and  reflection  due  to  more  interfaces  gen¬ 
erated.  Therefore,  the  critical  temperature  tends  to  shift  toward 
the  high  temperature  with  decreasing  average  cell  size.  In  other 
words,  more  multilayer  structures  constructed  by  muscovite/glass 
cause  more  light  scattering.  When  the  incident  radiation  prop¬ 
agates  through  the  cell  walls,  as  shown  in  Fig.  10,  the  photon 
reflection  occurs  at  the  interfaces  between  muscovite  and  glass  due 
to  the  different  reflection  indices.  Each  reflection  causes  a  reduc¬ 
tion  in  the  flux  of  the  transmitted  photons,  thus  reducing  photon 
conduction. 


The  conductivity  properties  of  the  investigated  porous  ceramic 
samples  are  listed  in  Table  1.  The  properties  of  one  porous  alu¬ 
mina  sample,  which  had  the  best  insulation  property  by  Lo’s  report 
[20],  are  also  listed  at  the  bottom  of  the  table  as  a  reference.  It 
is  obvious  that  the  lowest  thermal  conductivities,  0.08  Wm-1  K-1, 
0.14Wm_1  K"1,  and  O.lSWm"1  K"1  at  25°C,  600°C,  and  800°C 
from  different  samples,  were  all  lower  than  those  from  the 
porous  alumina,  which  are  O.lOWm-1  K-1,  0.20 Wm-1  K-1,  and 
0.27  W  m-1  K-1  at  25  °C,  600  °C,  and  800  °C,  respectively.  When  the 
temperature  increases  from  room  temperature  to  the  critical  tem¬ 
perature,  the  thermal  conduction  by  air  was  the  dominant  heat 
transfer  mechanism.  As  the  temperature  became  higher  than  the 
critical  temperature,  the  photon  conduction  dominates  the  mech¬ 
anism  of  heat  transfer  mechanism.  Moreover,  the  effects  of  the 
pore-scattering  and  multilayer-reflection  increased  as  the  cell  size 
was  reduced. 

4.  Conclusions 

This  study  produced  light  weight,  low  thermal  conductivity,  and 
slightly  expanded  porous  ceramic  foams  consisting  of  muscovite 
and  glass  phases.  The  variations  of  the  porosity  and  average  cell 
sizes  of  the  foams  are  mainly  controlled  by  processing  conditions, 
especially,  solid  content  of  the  slurries  and  the  amount  of  the  platy 
muscovite. 

The  porosity  of  all  prepared  samples  was  between  91.2% 
and  97.5%,  and  the  average  cell  size  was  between  69  p,m  and 
1 57  |jim.  The  permeability  of  all  investigated  samples  was  between 
0.1  x  1 0-7  cm2  and  8.6  x  1 0-7  cm2,  and  decreased  with  the  increase 
of  the  glass  in  the  solid  content.  The  glass  content  had  more  sig¬ 
nificant  influences  on  the  permeability  than  the  other  factors,  e.g. 
muscovite  content. 

The  lowest  thermal  conductivities  of  the  foams  obtained  in  this 
study  were  0.08  Wm-1  K"1  and  O.lSWm-1  K-1  at25°Cand800°C, 
respectively,  which  were  better  than  those  of  alumina  foams  in  the 
same  temperature  range.  The  critical  temperature  that  the  control 
mechanism  of  thermal  conductivity  changed  to  photon  conduc¬ 
tion  was  ~285°C  when  the  average  cell  size  of  the  sample  was 
1 57  |jim.  The  critical  temperature  shifted  to  ~400  °C  when  the  aver¬ 
age  cell  size  decreased  to  71  p,m.  The  photon  conduction  can  be 
reduced  by  decreasing  the  cell  size  and  porosity.  Smaller  cell  sizes 
and  lower  porosity  lead  to  an  enhancement  of  the  photon  scattering 
and  multilayer-reflection. 

The  compressive  strengths  of  the  foams  were  in  the  same  range 
as  the  stabilized  alumina  foams  reported  in  the  literature,  which 
were  in  the  range  of  90-700  kPa.  Among  all  samples,  the  highest 
compressive  strength  was  440  kPa  with  the  porosity  of  91.2%. 
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